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order QED corrections due to undetected initial-state radiation are also included. 
A comparison with the Standard Model main background from e+e~ — ?■ vv^f is 
performed for optimized photon kinematical cuts. Quantitative conclusions on the 
signal/background ratio are given for a wide range of values of the SUSY parame- 
ters. 
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1 Introduction 



In the Minimal Supersymmetric Standard Model (MSSM) with conserved R 
parity [1], the lightest supersymmetric (SUSY) partner of the known particles 
is predicted to be stable, neutral and weakly interacting. The usual candidate 
for this role is the lightest of the four neutralinos. When produced in a nor- 
mal collider experiment, the lightest neutralino [xi ) expected to generate 
missing energy and momentum in the final state. Furthermore, SUSY part- 
ners must be produced in pairs. In e"'"e~ collisions, then, from the point of 
view of the available phase-space, the Xi -pair production would be the easiest 
SUSY channel. Actually, the occurrence of this invisible channel could only 
be detected by the measurement of the Z invisible width (if m^o < Mz/2). 
However, the coupling ZxiXi turns generally out to be small and the presence 
of a sizeable neutralino contribution to F'J'^ can only rarely exclude regions 
of the parameter space not already ruled out by searches for visibile channels. 
Hence, in e"'"e~ collisions, the best way to produce, at tree level, observable 
final states from neutralinos is through the channel e"'"e~ — > X1X25 where X2 
is the next-to-lightest neutralino [2]. This process can be competitive with 
the production of light-chargino pairs for particular regions of the SUSY pa- 
rameter space [3]. In this work, we study instead the production of Xi pairs 
accompanied by a hard large-angle photon 

+ - , ~o~o 
e e XiXil 

at the CERN LEP2, assuming as a typical cm. energy -^s ~ 190 GeV. The 
corresponding Feynman graphs are shown in Fig. 1. Its experimental signature 
consists of single-photon events with missing energy and momentum. For 
moderate cuts on the photon energy, the available phase space for this process 
is larger than that for the X1X2 final state. On the other hand, the radiative 
e"'"e~ — > XiXi7 cross sections are penalized by a further power of in the 
coupling. 

Neutralinos are mixtures of the four fermionic SUSY partners of the neutral 
SM gauge and Higgs bosons [4]: the photino 7, the Z-'mo Z and the two 
higgsinos ha and hj, (partners of the two Higgs-doublet neutral components). 
In the MSSM, all neutralino masses and couplings can be expressed at tree level 
in terms of three parameters [5]: /i (the SUSY Higgs-mixing mass), M2 (the 
SU(2) gaugino mass, which also fixes all the other gaugino masses if unification 
conditions are imposed at the GUT scale, through, e.g.. Mi = |tan^^vF^2), 
and tan (3 (the ratio of vacuum expectation values for the two Higgs doublets)."^ 
In order to study e"'"e~ — > XiXi7 cross sections, two further parameters are 

^In this paper, we adopt the same notations as in [3]. 
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needed, i.e. the masses of the left and right selectrons, m[eL^R). Since the 
corresponding contributions do not interfere, we assume them to be degenerate 
without loss of generality. Presently, the best direct experimental limit on the 
Xi mass excludes the range m^o < 20 GeV for tan (3 > 2. This limit disappears 
if tan /3 < 1.6 [6]. 

Different physical components of neutralinos enter into different couplings 
with other particles. In particular, the gaugino (7 and Z) components couple 
with fermions and their scalar SUSY partners, while the higgsino [ha and hj,) 
components couple to the Z. Hence, one can split the diagrams in Fig. 1 into 
two main subsets: a) three selectron-exchange (t-channel) diagrams, where 
only the Xi gaugino part enters, and b) two Z-exchange (s-channel) diagrams, 
where only the higgsino Xi components are relevant (assuming nie = 0). 

The limit Xi=7 foi" the matrix element of the process e"'"e~ — > XiXi7 
has been exactly evaluated in [7] (see also [8]). Here, we address the prob- 
lem for the most general Xi composition allowed in the MSSM, hence taking 
into account all the graphs shown in Fig. 1. Instead of evaluating the ex- 
act matrix element through a rather lengthy diagrammatic calculation, the 
spectrum of the observed photon is derived within the framework of the pt- 
dependent structure-function approach [9], starting from the e"'"e~ — > XiXi 
cross section. This is a first application of the method of the so-called single- 
photon library recently discussed in the literature [10, 11]. By assessing its 
precision both in the Z-exchange and the selectron-exchange diagrams, the 
accuracy of the method is discussed and found to be within a few per-cent, 
and less than the foreseen experimental accuracy at LFP2. Higher-order QFD 
corrections, due to undetected initial-state radiation, are also included. A 
comparison with the Standard Model main background from e"'"e~ — > uu^ is 
performed for optimized photon kinematical cuts and quantitative conclusions 
on the signal/background ratio are given for a wide range of values of the 
SUSY parameters. 

In order to get some initial hint on the dependence of the e"'"e~ — > XiXi7 
cross section from the SUSY parameter space, we have preliminary looked 
at the behaviour of the cross section for the invisible process e"'"e~ — > XiXi 
in the plane (/i,M2). This channel proceeds through either left and right 
selectrons, exchanged in the t-channel, or Z vector bosons, exchanged in the s- 
channel. Analogously to the case of the X1X2 production, extensively discussed 
in [3], at -^s = 190 GeV and for any value of tan/3, we can distinguish two 
asymptotic regime in the (/i,M2) plane. For > Mz and moderate values 
of M2 and m(e/,^7^), the dominant production mechanism is through selectron 
exchange, since the Xi has dominant gaugino components. One can see that, 
for m[eL^R) = Mz, cross sections up to 1 pb and beyond are found in the 
gaugino regions not excluded by LFPl data. Of course, these numbers are 
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critically dependent on m[eL^R). On the other hand, the higgsino's give the 
main contribution to the Xi for < Mz and M2 > Mz^ hence enhancing the 
Z-channel production. Nevertheless, the particular combination of the higgsino 
components entering into the coupling with the Z is quite depleted for a Xi 
pair in the higgsino regions, especially at low values of tan/3 [3]. Hence, in 
these regions one expects a small c(xiXi) and, indeed, one can check that the 
cross section is always less than 0.1 pb in the area not excluded by LEPl (not 
including QED corrections). This behaviour will reflect in a straightforward 
way on the cr[e'^e~ — > XiXi7) dependence in the plane (/i, M2). 

It is worth mentioning that an additional single-photon signature in the 
neutralino sector can arise at LEP2 from the X1X2 production followed by 
the one-loop radiative decay X2 ~^ Xi7 [12]. In particular parameter regions 
where the main X2 ~^ Xiff decays are depleted, the branching ratio for the 
radiative X2 decay can be of order 1 [13, 14]. A single-photon signal can also be 
associated to the X1X2/X2X2 production whenever the X2 decays into invisible 
products [x2 ~^ Xi^^)} through graphs analogous to those in Fig.l with one 
or both x^'s replaced by X2^s. However, the latter signal will be in general 
depleted with respect to e"'"e~ — > XiXi7 t»y both the X2 larger mass and its 
branching ratio into invisible products. 

The outline of this paper is the following. In Section 2, we present the 
Pf-dependent structure-function approach that describes the observed photon 
associated to the process e"'"e~ — > XiXiT? as well as the formalism for imple- 
menting the higher-order QED corrections corresponding to undetected initial- 
state radiation. In Section 3, the photon energy distributions in some typical 
cases are discusses. The signal cross sections versus the main background from 
e"'"e~ — > uu^ are studied in the SUSY parameter space, for optimized exper- 
imental cuts on the photon kinematical variables, in Section 4. In Section 5, 
we draw our conclusions. 



2 The structure-function approach for radia- 
tive photons 

At LEP2 energies, in view of the expected moderate experimental precision, 
simple approximate expressions can be used to compute cross sections and 
photon distributions for any process of the kind e"'"e~ — > 7-I- (invisible)^ where 
an undetectable final state is accompanied by the radiation of one hard large- 
angle photon. 

In [10], a general approach is described that consists in dressing the ex- 
act tree-level cross section ctq ^ -^(^^^) -^qj, ^Yi_e corresponding process e~^e~ — > 
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[invisible) with the angular radiator [15] 

1 + (1 - X ^2 



1 + Amlls — ci 



■^7 



; s) describes the probabihty of radiating a photon with a given 
beam-energy fraction = E^J Ei, at the angle (c^ = cos??^). This radiator 
is derived from the 0{q) pf-dependent structure function for the splitting e — > 

6 + 7 [15]. It contains the leading infrared and coUinear singularities plus 
a part of the next-to-leading contributions [given by the term {—x1^) in the 
squared brackets in eq. (1)], the latter providing a better description for hard 
photons at large angles. Then, the photonic spectrum for the reaction e"'"e~ — > 

7 -|- [invisible) is obtained by the following factorized expression 



((1 - x^)s)m">{ 



where the effective centre-of-mass energy for the bare cross section ctq ^ -^(^^^) 
is reduced as a result of the photon radiation. This approximation amounts to 
attaching a photon line on the external electron legs, and to taking into account 
the "universal" part of the photon radiation with some of the next-to-leading 
effects. 

The validity of this quite general method at LEP2 energies can be checked 
by applying it to the well-known Standard Model reaction e"'"e~ — > i^i>7, for 
which the exact photon spectrum is known [16]. This process proceeds through 
two s-channel Z-exchange diagrams for all the three neutrino species, while 
for the electron neutrino case there are three further t-channel W-exchange 
diagrams. By inserting -^"^ as a kernel in the eq. (2) and comparing the 

result with the exact e"'"e~ — > uu^ photon spectrum (including the three species 
of neutrinos), one finds a difference of about (1-3)% for -^s = (150 — 190) GeV 
(the error increasing with the energy) [10]. 

This check mainly tests the approximation for the Z-exchange channels, 
since these are common to all the neutrino species. Note also that the W- 
exchange diagram with the photon emitted by the internal W propagator, 
contributing to the electron-neutrino channel, is not reproduced in this ap- 
proximation. The agreement found shows that this contribution (that is not 
included in the "universal" factorization corresponding to eq. (2)) is not cru- 
cial at LEP2 energies. On the other hand, in the process e"'"e~ — > XiXiT? the 
W exchanged in the t-channel is replaced by a scalar particle, i.e. a selectron. 
Because of the different spin, coupling and mass of the exchanged particle, 
one might wonder whether the effect of the non-universal part of the radiation 
(coming in this case from the photon emitted by the internal selectron propa- 
gator) is still under control. In order to settle this point, we have considered 
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the limit x'j' = 7 of the process e~ — > XiXi7- By doing so, one isolates the 
contribution from the selectron t-channels and can compare the results of the 
radiator approximation with the exact evaluation of the e~ — > 777 spec- 
trum [7]. At \/s = 190 GeV and with typical cuts on the photon variables 
(cf. Section 4), the two results differ by less than 1.5% in the range of masses 
0< 771(7) GeV and 60 GeV< m[eL^R) <100 GeV. The agreement gets bet- 
ter by increasing m(e/,^7^), which corresponds to further depleting contributions 
from the "non-universal" radiation. Hence, by combining the accuracy for the 
Z-exchange graphs (assessed through the neutrino channel) and that for the 
selectron exchange, we can conclude that altogether the radiator-function ap- 
proach in eq. (2) reproduces the exact e"'"e~ — > XiXi7 cross section with an 
accuracy better than a few per cent at LEP2. 

In our treatment of the single-photon signal, we have also taken into account 
the higher-order QED corrections due to multiphoton soft emission and to the 
radiation of hard photons emitted in the very forward direction (and hence lost 
in the beam pipe), that give rise to undetected initial-state radiation. To this 
end, the spectrum obtained through eq. (2) has been convoluted with electron 
and positron structure functions [17] 

(t(s) = [ dxi dx2 dEj dcj D[xi^ s)D[x2ts)— ; — , (3) 

J dE^dc^ 

where da / dE^dc^ is the approximate spectrum for e"'"e~ — > XiXiT? the pho- 
ton variables refer to the centre-of-mass frame after the initial-state radiation, 
and D[x^s) is the electron (positron) structure function [18]. Eq. (3) is im- 
plemented in a Monte Carlo event generator based on [19], and used for the 
present analysis. 

We stress again that the above procedure is quite general and can be ap- 
plied whenever the contribution from "non-universal" photon radiation is not 
relevant . 



3 Photon energy distributions 

In this section, we study the energy distributions of the observed photon in 
e"'"e~ — > XiXiT? assuming as a typical LEP2 energy = 190 GeV. The 
results are obtained restricting the photon angle in the laboratory frame over 
the range |c^| < 0.95. 

As discussed in the previous section, the accuracy of our radiator approach 
has been thoroughly tested in the higgsino sector of the process, mediated 
by the Z exchange, through the channel e"'"e~ — > uu^. On the other hand, 
we will see in the next section that observable rates for single-photon events 
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from e~ — > XiXi7 can mainly be obtained in the gaugino sector, through 
the exchange of rather hght selectrons. In order to assess the goodness of our 
radiator approach in the more exclusive case of the photon energy distribu- 
tion, we start by analyzing the photon spectrum in the photino (x'j' — > 7) 
limit e~ — > 777, for which the exact results are available. The photon en- 
ergy spectra obtained in this case are given in Table 1 (for = 20 GeV), 
considering the contribution of only one selectron with mass m(e) = 80 GeV. 
The first column (AE^dcTex/dE^) and the second one [AE^dcTapp/ dE^) show 
the results corresponding to the integration over different photon energy bins 
of the exact spectrum obtained through the exact matrix element in [7] and 
of the angular radiator approximation of eq. (2), respectively. The numeri- 
cal integration error in the last one or two digits is shown in parenthesis. As 
can be seen, independently of the photino mass, the agreement between the 
exact and approximate spectrum is very satisfactory (well within 1%) for al- 
most all the bins. It deteriorates at the level of some/several per cent quite 
near the kinematic limit E!!^^^ , where non-universal radiation effects become 
non-negligible. Similar results have been obtained for = 50 GeV. 

The excellent accuracy of the energy spectrum in the gaugino sector, when 
combined with the precision of our approximation in the Z-exchange (higgsino) 
channel, makes the radiator approach very reliable for the prediction of the 
photon spectrum for the most general Xi composition. 

In Fig. 2, we show the results obtained for the photon energy distributions 
of the process e"'"e~ — > XiXiT? assuming the following four scenarios 

a) ji = -3Mz,M2 = Mz, tcin (3 = 1.5; 

b) ii = 3Mz,M2 = Mz, tcin (3 = 1.5; 

c) 11 = -0.4Mz, M2 = 3Mz, tan (3 = 1.5; 

d) 11 = 3Mz, M2 = Mz, tan (3 = 30; 

with m[eL^R) = Mz, at ^/s = 190 GeV and restricting the photon angle 
in the laboratory frame over the range |c^| < 0.95. The minimum photon 
energy considered is 1 GeV. In each plot (corresponding to one of the above 
scenarios), we compare the spectra with (solid lines) and without (dashed lines) 
the inclusion of higher-order QED effects. 

In the first two cases [(a) and (b)], the gaugino components are dominant 
in the x'j' physical composition, and the spectra exhibit a typical t-channel 
structure, although a small bump at large energies in the case (b) reveals some 
Z radiative-return effect, due to some non- vanishing higgsino component in 
the x'j'. This effect is quite apparent in the case (c), where the x'j' is mainly a 
higgsino, and the dominance of the s-channel reflects into a strong peak near 
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the maximum energy value. One consequence of the Z radiative return, is that 
the role of the initial state radiation in the modification of the shape becomes 
particularly significant. Notice also that the absolute normalization in the 
latter spectrum corresponds to quite smaller production rates with respect to 
the previous scenarios. The last case (d) just shows the effect of increasing the 
value of tan/3 in the case (b). 

4 Signal versus the e+e~ — )► 1/1/7 background 

In this section, we present results for the single-photon total rates for the 
process e~ — > XiXi7 iii the SUSY parameter space i^yi^M^)^ for both low 
and high values of tan /3. The cross sections are obtained by applying eq. (2) 
and also higher-order QED effects arising from soft and coUinear (undetected) 
photons. 

All our results, are obtained by integrating the angular photon variable 
over the range |c^| < 0.95 (corresponding to about > 18°) and by imposing 
a cut on the minimum transverse momentum of the photon 

(pt)^ > 0.065^6, 

where Ej, is the beam energy. The latter is the typical cut needed is order to 
avoid veto angles in the LEP2 experimental apparatus, where the background 
from radiative Bhabha-scattering events could fake the signal [11]. 

A last cut is imposed on the maximum photon energy. This helps to opti- 
mize the rejection of the main background arising from e"'"e~ — > uu^. Indeed, 
due to the Z radiative-return effect, after applying the above cuts, the neutrino 

spectrum is mostly concentrated at large energies, in particular around the 
value (1 — AE^ / s)yG/2 [10]. By imposing the further cut 

E^ < 0.5^6, 

one reduces the neutrino cross section to about one third of the original value. 
In particular, at -^s = 190 GeV one finally gets (Tcut{^^^l) — 1-4 pb (including 
higher-order QED effects). On the other hand, as far as the signal is concerned, 
the latter cut mainly penalizes the higgsino sector of the x'j', where a large 
fraction of the events is associated to the Z radiative-return peak (cf. Section 
3). Nevertheless, production rates in this sector of the (/i, M2) plane turn out 
to be in general small, even before applying the cut E^^ < O.bEb^ in regions not 
excluded by LEPl. 

The neutralino cross sections obtained applying this set of cuts are shown 
in the plane (/i,M2) in Eig. 3, for tan /3 = 1.5, and in Eig. 4, for tan/3 = 
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30. Considering the canonical LEP2 integrated luminosity of 500 pb~^, for 
i^{eL,R) = cross sections up to about 30 fb are found in the gaugino 

regions, corresponding to up to 15 events. This signal has to fight against a 
neutrino background of about 700 events, with a corresponding S j \/~B ratio 
of at most 0.57. On the other hand, one gets smaller rates in the higgsino 
regions, that is at most 0(10) fb in the area not excluded by LEPl data. 

The main effect of including higher-order QED is an enhancement of the 
s-channel Z-exchange contributions, due to the shifting of part of the photon 
energy spectrum from the radiative-return peak (which is cut off in our treat- 
ment) down to lower energy values (cf. Section 3). In the higgsino regions, 
where the Z-exchange diagrams are relevant, a considerable increase of the 
rates is observed. On the other hand, in the more interesting gaugino regions 
the cross sections slightly decrease (cf. Fig. 2). 

In Fig. 5, the effect of lowering the selectron masses down to 60 GeV is 
shown, at small tan fi. While no relevant change is of course observed in the 
higgsino regions, the gaugino cross sections increase by a factor 1.7-2, with a 
corresponding S j \/~B ratio up to about 1. On the contrary, heavier selectron 
masses can give rise to drastically lower neutralino rates. For instance, in 
Fig. 6, the case of m{eL^R) = 3Mz is considered, at small tan/3. Hence, an 
observable single-photon rate could arise mainly from selectrons light enough 
to be pair produced at LFP2. 

5 Conclusions 

The production of invisible pairs of lightest neutralinos in association with a 
large-angle hard photon at LFP2 energies has been analysed in the MSSM. 
For the first time, a comprehensive study is made assuming the most general 
gaugino/higgsino composition of the Xv Instead of relying upon an explicit 
diagrammatic calculation, we have calculated the spectrum of the observed 
photon in the process e"'"e~ — > XiXi7 through a pf-dependent structure func- 
tion approach. The accuracy of the method is assessed to be within the foreseen 
experimental LFP2 precision. The photon energy distributions as well as the 
total cross sections for e"'"e~ — > XiXi7 functions of the parameters (/i,M2) 
have been discussed, for both low and high values of tan (3. In order to provide 
reliable predictions, the results include the effects of higher-order QFD correc- 
tions and take into account realistic experimental photon cuts for the LFP2 
data analysis. 

It turns out that the presence of the irreducible Standard Model background 
arising from e"'"e~ — > uu^ makes the observation of a SUSY signal from e"'"e~ — > 
XiXi7 quite difficult at LFP2, even in the most favourable regions of the 
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parameter space. In the (/i, M2) regions where the hghtest neutrahno is mainly 
a higgsino, the cross sections, although not affected by the selectron mass 
uncertainties, are too small to be measurable. In the remaining parameter 
space, both photinos and Z-'mo components give moderate rates for scalar 
masses not much larger than the LEP2 exclusion limit [m[eL^R) ~ Mz]- Hence, 
a clear single-photon signal from neutralinos at LEP2 would only arise together 
with a direct selectron pair production. 

The present study shows a first application beyond the Standard Model of 
the idea of building up a single-photon library. Starting from any process with 
invisible final states, by following the same procedure described here for the 
process e"'"e~ — > XiXiT? can reconstruct in a straightforward way the cor- 
responding single-photon signal through our pf-dependent structure function 
approach. Further applications of this method to different processes giving 
rise to the single-photon signature will be discussed in forthcoming papers. 
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^E^{GeV) 


AE^dcre:c/dE^{fb) 


AE^dcrapp/dE^{fb) 


1 - 2 


9.624(4) 


9.633(11) 


2 - 3 


5.596(2) 


5.601(6) 


3 - 4 


3.946(2) 


3.950(5) 


4 - 5 


3.043(1) 


3.045(3) 


5 - 6 


2.471(1) 


2.473(3) 


6 - 7 


2.0769(8) 


2.079(2) 


7 - 8 


1.7883(7) 


1.790(2) 


8 - 9 


1.5680(6) 


1.569(2) 


9 - 10 


1.3941(6) 


1.395(2) 


10 - 15 


5.273(2) 


5.275(6) 


15 - 20 


3.627(1) 


3.627(4) 


20 - 25 


2.726(1) 


2.724(3) 


25 - 30 


2.1566(8) 


2.153(2) 


30 - 35 


1.7635(7) 


1.759(2) 


35 - 40 


1.4752(6) 


1.470(2) 


40 - 45 


1.2537(5) 


1.249(1) 


45 - 50 


1.0771(4) 


1.073(1) 


50 - 55 


0.9313(4) 


0.927(1) 


55 - 60 


0.8070(3) 


0.804(1) 


60 - 65 


0.6969(3) 


0.694(1) 


65 - 70 


0.5955(2) 


0.593(1) 


70 - 75 


0.4974(2) 


0.493(1) 


75 - 80 


0.3966(1) 


0.3866(5) 


80 - 85 


0.2859(1) 


0.2614(4) 


85 - 90.8 


0.1589(1) 


0.1046(2) 



Table 1: Photon energy distributions for e"'"e~ — > 777 (limit: Xi ~^ 7) foi" 
= 20 GeV and m(e/,) = 80 GeV. Exact (first column) versus approximated 
(second column) results at = 190 GeV and with |cos7?^| < 0.95. The 
contribution of only one scalar electron (cl) is considered. 
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Figure Captions 



Figure 1. Feynman diagrams for the process e — > XiXi7- 

Figure 2. Photon energy distributions in e~ — > XiXi7 iii four representative 
cases (a), (b), (c) and (d). The selectron masses are set at m{ei^^R) = Mz and 
= 190 GeV. The Xi mass corresponding to each choice of SUSY parameters 
is also shown. The spectra with (solid lines) and without (dashed lines) the 
inclusion of higher-order QFD effects are compared. 

Figure 3. Cross sections for e"'"e~ — > XiXi7 small tan/3, including higher- 
order QFD corrections. 

Figure 4. Cross sections for e"'"e~ — > XiXi7 large tan/3, including higher- 
order QFD corrections. 

Figure 5. Cross sections for e"'"e~ — > XiXi7 small tan/3, including higher- 
order QFD corrections. Fffect of decreasing the selectron mass. 

Figure 6. Cross sections for e"'"e~ — > XiXi7 small tan/3, including higher- 
order QFD corrections. Fffect of increasing the selectron mass. 
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